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Microporous  poly(vinylidene  fluoride)/poly(methyl  methacrylate)  (PVDF/PMMA)  membranes  were  pre¬ 
pared  using  the  phase-separation  method.  Then,  the  membranes  were  immersed  in  liquid  electrolyte  to 
form  polymer  electrolytes.  The  effects  of  PMMA  on  the  morphology,  degree  of  crystallinity,  porosity,  and 
electrolyte  uptake  of  the  PVDF  membrane  were  studied.  The  addition  of  PMMA  increased  the  pore  size, 
porosity  and  electrolyte  uptake  of  the  PVDF  membrane,  which  in  turn  increased  the  ionic  conductivity  of 
the  polymer  electrolyte.  The  maximum  ionic  conductivity  at  room  temperature  was  1.21  x  10~3  Scnrr1 
for  Sample  E70.  The  polymer  electrolyte  was  investigated,  along  with  lithium  iron  phosphate  (LiFeP04)  as 
cathode  for  all  solid-state  lithium-ion  rechargeable  batteries.  The  lithium  metal/E70/LiFePO4  cell  yielded 
a  stable  discharge  capacity  of  133  mAhg-1  after  up  to  50  cycles  at  a  current  density  of  8.5  mAg-1. 
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1.  Introduction 

Polymer  electrolyte  may  generally  be  defined  as  a  mem¬ 
brane  that  possesses  transport  properties  comparable  to  those  of 
common  liquid  ionic  solutions.  The  development  of  polymer  elec¬ 
trolytes  has  drawn  the  attention  of  many  researchers  over  the 
last  three  decades,  as  they  find  applications  not  only  in  lithium 
batteries,  but  also  in  other  electrochemical  devices  such  as  super¬ 
capacitors,  electrochromic  devices,  etc.  [1].  Lithium  batteries  use 
liquid  electrolytes  with  organic  solvents,  which  are  flammable  and 
easy  to  ignite  on  exposure  to  high  temperatures.  To  solve  this 
safety  problem,  there  is  a  strong  desire  to  move  to  non-flammable 
electrolytes  [2].  In  the  case  of  the  lithium-ion  battery,  numerous 
studies  have  been  conducted  to  improve  its  safety  performance, 
since  scaled-up  forms  have  promising  applications  in  electric  vehi¬ 
cles.  Still,  one  of  the  main  challenges  is  the  electrolytes,  because 
they  will  react  with  the  active  electrode  materials  [3].  As  a  result, 
polymer  electrolyte  is  a  promising  candidate,  as  these  polymer 
electrolytes  have  several  advantages  over  their  liquid  counterparts. 
The  advantages  of  these  electrolytes  include  no  internal  shorting, 
no  leakage  of  electrolytes,  and  non-combustible  reaction  products 
at  the  electrode  surface,  in  contrast  to  the  liquid  electrolytes  [4-9]. 


*  Corresponding  author  at:  Institute  for  Superconducting  and  Electronic  Materi¬ 
als,  University  of  Wollongong,  Wollongong,  NSW  2519,  Australia. 

Tel.:  +61  2  42981478;  fax:  +61  2  4221  5731. 

**  Corresponding  author.  Tel.:  +61  2  42981478;  fax:  +61  2  4221  5731. 

E-mail  addresses:  nhi423@uowmail.edu.au,  nurulhayati@umt.edu.my  (N.H. 
Idris),  jiazhao@uow.edu.au  (J.-Z.  Wang). 

0378-7753 /$  -  see  front  matter  ©  201 1  Elsevier  B.V.  All  rights  reserved. 
doi:10.1016/j.jpowsour.2011.10.141 


However,  the  prerequisites  for  a  polymer  electrolyte  for  lithium-ion 
batteries  are  (i)  high  ionic  conductivity  at  ambient  and  sub-ambient 
temperatures,  (ii)  good  mechanical  strength,  (iii)  appreciable  trans¬ 
ference  number,  (iv)  thermal  and  electrochemical  stability,  and  (v) 
better  compatibility  with  electrodes  [6-8].  The  polymer  electrolyte 
should  also  allow  good  cycle  lives  at  low  temperatures  and  must 
withstand  the  internal  pressure  build-up  during  battery  operation. 

Since  1973  [10],  many  studies  on  solid  polymer  electrolytes 
have  been  carried  out  that  involve  such  techniques  as  blending,  co¬ 
polymerizing,  cross-linking,  and  adding  nanofillers  to  modify  the 
polymer  host  to  increase  the  ionic  conductivity  [4,11-13].  How¬ 
ever,  the  main  obstacle  is  still  the  ionic  conductivity,  which  is 
generally  below  10-3  S  cm-1  and  not  enough  for  practical  applica¬ 
tion.  As  a  result,  gelled  polymer  electrolytes  (GPEs)  were  developed 
[4,14,15].  Much  recent  attention  has  turned  to  microporous  gel 
polymer  electrolytes,  which  can  be  regarded  as  an  intermediate 
state  between  typical  liquid  electrolytes  and  dry  solid  polymer  elec¬ 
trolytes.  Microporous  gel  polymer  electrolytes  usually  exhibit  ionic 
conductivities  ranging  from  10-4  to  10-3  S  cm-1  at  room  tempera¬ 
ture,  near  to  that  of  commercial  liquid  electrolytes.  In  microporous 
gel  polymer  electrolytes,  the  liquid  component  is  trapped  in  the 
polymer  matrix,  thereby  preventing  leakage  of  liquid  electrolyte. 
Consequently,  the  safety  of  Li-ion  batteries  is  greatly  improved  [16]. 
The  pore  structure  of  the  polymer  membrane  is  the  key  component 
and  especially  important  for  the  ionic  conductivity.  The  larger  the 
amount  of  trapped  liquid  electrolyte  in  the  pores,  the  higher  the 
ionic  conductivity  of  the  membrane  [17]. 

Generally,  porous  membrane  materials  are  prepared  by  the 
phase  inversion  method  [18].  Some  polymer  electrolytes  are  pre¬ 
pared  by  template  imprinting  or  the  sol-gel  process  [19],  but 
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Fig.  1.  Cross-sectional  SEM  images  of  porous  membrane  for  Samples  (a)  MO,  (b)  M30,  (c)  M50,  (d)  M70,  (e)  M90,  and  (f)  M100. 


the  preparation  process  for  polymer  electrolytes  is  very  tedious, 
and  the  pores  are  also  too  small  to  observe,  so  that  such  poly¬ 
mer  membrane  materials  are  generally  classified  as  non-porous 
or  continuous  membranes.  Nowadays,  researchers  are  very  keen 
to  develop  microporous  polymer  membranes,  which  can  be  acti¬ 
vated  as  polymer  electrolyte  by  soaking  in  an  electrolyte  solution 
[20].  The  Bellcore  technique  has  been  widely  used  to  prepare 
porous  polymer  membrane  based  on  poly(vinylidene  fluoride)- 
co-hexafluoropropene  (PVDF-HFP),  which  showed  favorable  ionic 
conductivity  (~lmScm_1)  at  room  temperature  after  soaking 
with  liquid  electrolyte  [21].  Flowever,  the  extraction  process  for 
dibutyl  phthalate  (DBP)  needs  large  volumes  of  organic  solvents, 
which  increases  the  production  costs,  and  the  removal  of  DBP 
is  not  100%  efficient  [22-24].  On  the  other  hand,  Du  Pasquier 
et  al.  [25]  have  shown  that  the  phase-inversion  method  is  a 
valid  method  to  use  in  preparing  microporous  PVDF-FIFP  co¬ 
polymers  by  casting  a  polymer  solution  and  evaporating  the  solvent 
and  nonsolvent.  Research  and  development  in  this  field  have 
involved  a  variety  of  polymer  matrices  such  poly( ethylene  oxide) 
(PEO)  [26-28],  poly(acrylonitrile)  (PAN)  [29,30],  poly(vinyl  chlo¬ 
ride)  (PVC)  [31,32],  poly( methyl  methacrylate)  (PMMA)  [33,34], 


and  polyvinylidene  difluoride  (PVdF)  [2,35].  In  particular,  much 
attention  has  been  devoted  to  increase  the  liquid  electrolyte  con¬ 
tent  in  the  polymer  matrix  by  controlling  the  components  and 
morphology,  as  the  ionic  conductivity  of  the  solid  polymer  elec¬ 
trolyte  increases  with  increasing  amount  of  the  liquid  electrolyte 
trapped  in  the  polymer  matrix.  In  addition,  several  features  of 
the  polymer  electrolyte,  such  as  porosity,  pore  size,  crystallinity, 
chain  structure,  and  the  degree  of  polymerization,  contribute  to  the 
conduction  properties  of  the  carriers  [36].  Flowever,  high  poros¬ 
ity  usually  leads  to  fading  mechanical  strength,  and  it  has  been 
shown  that  the  addition  of  PEO  to  the  PVDF  can  improve  the  poros¬ 
ity  and  pore  connectivity  for  electrolyte  uptake  [37,38],  although 
the  mechanical  strength  of  PVDF-PEO  blends  is  lower  than  that  of 
pure  PVDF.  In  addition,  blending  PAN  and  PVDF-FIFP  can  increase 
the  mechanical  stability  and  structural  rigidity  of  the  porous  poly¬ 
mer  electrolyte  [39].  In  this  study,  we  report  PVDF-PMMA  blends 
for  polymer  electrolyte  prepared  via  the  phase-separation  method 
in  a  mixture  of  N,N-dimethylformamide  (DMF)  as  a  solvent  and 
glycerin  as  a  nonsolvent.  The  effects  of  PMMA  at  different  ratios  on 
the  morphology,  porosity,  and  electrochemical  performance  have 
been  characterized  with  the  aim  of  obtaining  better  microporous 
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Table  1 

Compositions  of  PVDF/PMMA  membranes  and  corresponding  polymer  electrolytes. 


Composition  PVDF/PMMA  (wt.%/wt.%)  Porous  membrane  Polymer  electrolyte 


100/0 

M0 

E0 

70/30 

M30 

E30 

50/50 

M50 

E50 

30/70 

M70 

E70 

10/90 

M90 

E90 

0/100 

M100 

E100 

gel  polymer  electrolyte  for  lithium-ion  rechargeable  battery  appli¬ 
cation. 

2.  Experimental 

2.1.  Preparation  of  PVDF/PMMA  membranes  and  polymer 
electrolytes 

The  polymer  blend  membranes  were  prepared  by  the 
phase-separation  method.  Poly(vinylidene  fluoride)  (PVDF, 
Mw  =  534,000,  Sigma-Aldrich)  and  poly( methyl  methacrylate) 
(PMMA,  Mw  =  350,000,  Sigma-Aldrich)  were  dried  for  24  h  at 
100  °C  in  vacuum.  The  required  amounts  of  PVDF  and  PMMA  were 
dissolved  in  a  mixture  of  N,N-dimethyl  formamide  (DMF,  >99.8%, 
Sigma-Aldrich)  and  glycerin  (Fluka)  (10:1  by  volume),  and  stirred 
for  3  h  at  80  °C.  Then,  the  solution  was  cast  onto  a  glass  plate  and 
dried  at  120°C  for  24  h  in  vacuum.  During  this  process,  DMF  and 
glycerin  evaporated  in  turn,  and  the  voids  left  by  the  glycerin 
formed  micropores.  The  polymer  electrolytes  were  obtained  by 
soaking  the  obtained  membranes  in  1  M  LiPF6  in  a  mixture  of 
ethylene  carbonate  (EC)  and  dimethyl  carbonate  (DMC;  1:1  by 
volume,  MERCK,  Germany).  The  compositions  of  the  PVDF/PMMA 
membranes  and  the  corresponding  polymer  electrolytes  that  were 
prepared  are  listed  in  Table  1.  M0,  M30,  M50.  M70,  M90,  and  Ml  00 
designate  the  membranes  with  PVDF  to  PMMA  (wt.%:wt.%)  weight 
ratios  of  100:0,  70:30,  50:50, 30:70, 10:90,  and  0:100,  respectively. 
The  corresponding  polymer  electrolytes  are  designated  as  E0,  E30, 
E50,  E70,  E90,  and  El  00,  respectively. 

2.2.  Characterization  of  the  membranes  and  polymer  electrolyte 

The  morphology  of  the  membranes  was  observed  by  scan¬ 
ning  electron  microscope  (SEM;  JOEL  JEM-3000).  Fourier  transform 
infrared  (FTIR)  spectroscopy  was  carried  out  using  a  Shimadzu 


PMMA  weight  fraction  in  blended  membrane  /  % 


Fig.  2.  Porosity  and  liquid  electrolyte  uptake  as  a  function  of  PMMA  weight  fraction 
in  blended  porous  membranes  with  polymer  electrolyte. 


Wavenumber  /  cm 1 


Fig.  3.  ATR-FTIR  spectra  of  Samples  (a)  M0,  (b)  M30,  (c)  M50,  (d)  M70,  (e)  M90,  and 
(f)  Ml  00  from  1000  to  2000  cm-1.  The  inset  shows  the  ATR-FTIR  spectra  of  Samples 
M30,  M50,  M70,  and  Ml 00  in  the  range  of  1660-1 800  cm”1. 


FTIR  Spectrometer,  IRPrestige-21  model.  Samples  were  ana¬ 
lyzed  in  attenuated  total  reflectance  (ATR)  mode  using  the 
Pike  MIRacle  accessory  equipped  with  a  germanium  crystal 
(Pike  Technology).  Differential  scanning  calorimetry  (DSC)  mea¬ 
surements  were  carried  out  under  argon  atmosphere  using  a 
Mettler-Toledo  thermogravimetric  analysis/differential  scanning 
calorimetry  (TGA/DSC)  1  Stare  system  from  50  to  200  °C  at 
10°Cmin_1.  Porosity  of  the  membranes  was  measured  as  follows: 
after  weighing,  the  membrane  was  immersed  in  1 -butanol  for  2  h. 
Then,  the  surface  of  the  membrane  was  dried  with  filter  paper  and 
weighed  again.  The  porosity  was  calculated  using  the  following 
equation: 

Porosity  (%)  =  —  ~f°  x  100  (1) 

where  V  is  the  apparent  volume  of  the  membrane,  p  is  the  den¬ 
sity  of  1 -butanol,  and  wt  and  w0  are  the  weights  of  the  wet  and  dry 
membranes,  respectively.  The  liquid  electrolyte  uptake  of  the  mem¬ 
branes  was  measured  according  to  the  following  procedure:  after 
weighing,  the  membrane  was  immersed  in  liquid  electrolyte  for 


Temperature  /  C 

Fig.  4.  DSC  curves  of  pure  PVDF,  pure  PMMA,  and  polymer  blend  membranes. 
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10  min  and  weighed  again.  The  electrolyte  uptake  was  calculated 
as  follows: 

Electrolyte  uptake (%)  =  — — —  x  100  (2) 

w0 

where  wt  and  w0  are  the  weights  of  the  wet  and  dry  membranes, 
respectively.  The  impedance  of  the  polymer  electrolytes  was  mea¬ 
sured  using  a  CHI  660B  Electrochemical  Workstation  Instrument 
(Shanghai  Chenhua  Apparatus,  China)  in  the  frequency  range  from 
10  mHz  to  100  kHz.  The  polymer  electrolytes  were  cut  into  1  cm2 
sizes  and  sandwiched  between  two  blocking  stainless  steel  elec¬ 
trodes.  The  ionic  conductivity  of  the  polymer  electrolytes  was 
calculated  based  on  the  following  equation: 


Here,  o  is  the  ionic  conductivity,  Rb  is  the  bulk  resistance,  and  t  and  A 
are  the  thickness  and  area  of  the  polymer  electrolyte,  respectively. 
Impedance  measurements  were  also  carried  out  in  the  temperature 
range  between  303  and  373  K.  The  electrochemical  stability  win¬ 
dow  of  the  polymer  electrolyte  was  determined  by  linear  sweep 
voltammetry  using  a  stainless  steel  working  electrode  and  lithium 
foil  as  the  counter  electrode  at  the  scanning  rate  of  1  mV  s-1. 

2.3.  Electrochemical  characterization 

A  mixture  composed  of  80wt.%  LiFeP04  powder  (DLG  Battery 
Co.  Ltd.,  China),  10wt.%  carbon  black,  and  10wt.%  polyvinylidene 
fluoride  (PVDF)  were  mixed  with  N-methyl-2-pyrrolidone  (NMP). 
The  slurry  was  spread  onto  aluminum  foil  substrates  and  dried 
at  100°C  for  24  h  in  vacuum.  After  being  cut  to  a  1  cm  x  1  cm 
size,  the  electrode  was  mounted  as  the  positive  electrode  versus 
lithium  metal  as  the  counter  and  reference  electrode  in  CR  2032 
coin-type  cells.  Here,  Sample  E70  was  chosen  as  the  polymer  elec¬ 
trolyte.  The  Li/E70/LiFePO4  cell  was  assembled  in  an  argon-filled 
glove  box.  Charge-discharge  testing  was  performed  galvanostati- 
cally  between  2.5  and  4.2  V  at  room  temperature  on  a  Land  battery 
tester  (Wuhan  Land  Electronic  Co.  Ltd.). 

3.  Results  and  discussion 

A  comparison  of  the  cross-sectional  morphology  of  the  pure 
PVDF,  pure  PMMA,  and  PVDF/PMMA  blend  films  after  extraction 
of  glycerin  and  DMF  from  the  polymer  matrix  are  shown  in  Fig.  1. 
The  presence  of  PMMA  leads  to  change  in  the  size  of  the  pores 
in  the  membrane.  It  was  found  that  the  pore  size  of  the  mem¬ 
brane  increases  with  the  addition  of  PMMA  up  to  70  wt.%,  and  then 
the  pore  size  starts  to  decreases.  Sample  M70  showed  the  largest 
diameter  pores  (about  10  p,m),  which  is  enough  to  trap  more  liquid 
electrolyte  and  provide  a  path  for  ion  migration.  This  trend  agrees 
well  with  the  porosity  and  liquid  electrolyte  uptake  measurements, 
as  shown  in  Fig.  2.  It  can  be  seen  that  Sample  M70  has  the  highest 
porosity  of  64%  when  compared  with  pure  PVDF  (Sample  M0)  and 
pure  PMMA  (Sample  Ml  00),  which  have  only  24%  and  41  %  porosity, 
respectively.  Such  large  porosity  will  help  the  liquid  electrolyte  to 
more  easily  penetrate  into  Sample  M70,  with  subsequently  more 
liquid  electrolyte  embedded  in  the  pores  of  the  membrane.  For 
liquid  electrolyte  uptake  measurements,  pure  PVDF  polymer  elec¬ 
trolyte  (Sample  E0)  reaches  saturation  with  a  weight  uptake  ratio 
of  15%.  With  addition  of  PMMA  to  the  polymer  matrix,  the  liquid 
electrolyte  uptake  ratio  increases  due  to  the  high  porosity  of  the 
PVDF/PMMA  blended  film.  Sample  E70  reaches  saturation  with  a 
maximum  liquid  electrolyte  uptake  ratio  of  204%.  Therefore,  the 
addition  of  PMMA  not  only  controls  the  porosity,  but  also  is  cor¬ 
related  with  the  liquid  electrolyte  uptake  of  the  film,  resulting  in 
high  ionic  conductivity  of  the  membrane.  Fig.  3  shows  the  ATR-FTIR 


PMMA  weight  fraction  in  blended  membrane  /  % 


PMMA  weight  fraction  in  blended  membrane  /  % 


Fig.  5.  (a)  Plots  of  ionic  conductivity  as  a  function  of  PMMA  weight  fraction  in  the 
polymer  membranes  at  room  temperature,  (b)  Arrhenius  plots  of  the  ionic  conduc¬ 
tivities  of  the  polymer  electrolytes,  and  (c)  activation  energy  of  polymer  electrolytes. 

spectra  of  Samples  M0,  M30,  M50,  M70,  and  Ml  00.  The  charac¬ 
teristic  peaks  observed  are  common  to  both  pure  PVDF  and  pure 
PMMA  membranes  [40-42].  From  Fig.  3(a),  the  vibrational  band  at 
1406  cm-1  corresponds  to  CH2  wagging  deformation  of  pure  PVDF 
membrane.  It  can  be  seen  that  the  intensity  of  this  peak  decreases 
with  the  addition  of  PMMA  and  finally  disappears,  as  shown  in 
Fig.  3(d  and  e).  For  pure  PMMA  membrane,  a  peak  reflecting  the 
stretching  of  the  carbonyl  (C=0)  group  is  present  at  1730  cm-1, 
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Table  2 

Degree  of  crystallization  of  PVDF/PMMA  blended  membranes. 


Porous  membrane 

Melting  temperature  of 
crystalline  form,  Tm 
(°C) 

Enthalpy  of  fusion  for 
crystalline  form,  A Hm 

Qg-1) 

Crystallization 
degree,  Xc  (%) 

M0 

159.4 

32.5 

31 

M30 

156.0 

25.5 

24 

M50 

153.6 

22.8 

22 

M70 

144.9 

16.3 

16 

M90 

- 

- 

- 

M100 

- 

- 

- 

as  shown  in  Fig.  3(e).  From  the  inset  in  Fig.  3,  it  can  be  clearly  seen 
that  the  intensity  of  this  peak  gradually  decreases,  while  the  peak  is 
slightly  shifted  to  1 734  cm-1  in  the  PVDF/PMMA  blend  membrane. 
This  result  suggests  that  there  is  a  specific  interaction  between  the 
carbonyl  groups  of  PMMA  and  the  CFI2  groups  of  PVDF,  and  indi¬ 
cates  the  formation  of  a  PVDF/PMMA  blended  membrane  [41,42]. 

Fig.  4  shows  the  differential  scanning  calorimetry  (DSC)  curves 
of  the  pure  PVDF,  pure  PMMA,  and  polymer  blend  membranes. 
Pure  PVDF  (Sample  MO)  shows  a  characteristic  endothermic  peak 
at  159.4°C,  corresponding  to  the  melting  temperature  of  the 
crystalline  form,  Tm.  With  the  addition  of  PMMA,  the  melting  tem¬ 
perature  of  the  polymer  blend  membrane  is  depressed  markedly. 
However,  in  the  rich  PMMA  concentration  (Sample  M90),  there  was 
no  trace  of  melting  behavior  of  PVDF.  Similar  results  were  obtained 
by  Ma  et  al.  [43].  They  reported  that  the  decrease  in  Tm  with 
increasing  PMMA  concentration  could  be  related  to  the  melting 
temperature  depression  of  the  crystalline  components,  suggesting 
that  the  growth  of  crystals  is  affected  by  the  interaction  of  the  com¬ 
ponents.  The  integral  peak  area  under  the  Tm  curve  is  correlated 
with  the  degree  of  crystallinity.  Therefore,  the  degree  of  crystal¬ 
lization  of  the  polymer  membranes  could  be  calculated  from  the 
enthalpy  of  fusion  from  the  DSC  measurements,  using  the  following 
equation: 

xc  =  X  100%  (4) 

A  Ht 

where  A is  the  enthalpy  of  fusion  for  pure  PVDF,  104.7Jg-1 
[44],  and  A  Hm  is  the  enthalpy  of  fusion  of  the  PVDF/PMMA  blended 
membrane.  The  data  for  Tm,  A Hm,  and  the  degree  of  crystallization, 
Xc,  are  tabulated  in  Table  2.  It  shows  that  the  amount  of  PMMA  has 
a  slight  influence  on  the  Xc.  The  crystallinity  of  the  polymer  blend 
membranes  is  lower  than  that  of  pure  PVDF,  suggesting  that  the 
amorphous  domain  of  the  membranes  was  increased,  as  the  PMMA 
in  the  polymer  blend  membrane  progressively  retards  the  crystal¬ 
lization  of  PVDF  [43,45].  This  facilitated  the  absorption  and  swelling 
of  the  liquid  electrolyte,  resulting  in  high  ionic  conductivity  of  the 
polymer  electrolyte  [44]. 

Fig.  5(a)  shows  the  ionic  conductivity  at  room  temperature  for 
all  the  polymer  electrolytes.  With  the  addition  of  PMMA,  it  can  be 
observed  that  the  ionic  conductivity  of  the  polymer  blend  increases 
from  5.73  x  10_6Scm_1  to  a  maximum  of  1.21  x  10-3Scm-1  as 
electrolyte  uptake  increases  from  15%  to  204%.  According  to  Saito 
et  al.  [46],  there  are  three  possible  ways  that  carrier  ions  could  be 
transferred  within  the  porous  polymer  electrolyte:  (1 )  through  liq¬ 
uid  electrolyte  trapped  in  pores,  (2)  through  an  amorphous  domain 
that  is  swelled  by  liquid  electrolyte,  and  (3)  along  molecular  chains 
in  the  polymer.  Since  the  carrier  ion  movements  along  the  molec¬ 
ular  chains  in  the  polymer  is  much  slower,  the  increase  in  ionic 
conductivity  could  be  attributed  to  the  large  amount  of  trapped 
liquid  electrolyte  in  the  pores  that  then  penetrates  into  the  poly¬ 
mer  chains  to  swell  the  amorphous  domains  [23,44,46,47].  The 
temperature  dependence  of  the  ionic  conductivity  for  the  polymer 
electrolyte  is  presented  in  Fig.  5(b).  Typical  behavior  for  a  polymer 
electrolyte  was  observed,  that  is,  ionic  conductivity  increases  with 
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Fig.  6.  Electrochemical  performance  of  Li/E70/LiFeP04  cells:  (a)  cyclic  perfor¬ 
mance  and  coulombic  efficiency  beyond  50  cycles  at  8.5  mAg-1  (corresponding  to 
a  C/20  rate);  (b)  charge-discharge  profiles  for  selected  cycles;  (c)  linear  sweep 
voltammograms  of  Sample  E70  and  commercial  liquid  electrolyte  with  a  stain¬ 
less  steel  working  electrode  and  a  lithium  metal  counter  electrode  at  a  scan  rate 
of  1  mVs-1. 
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increasing  temperature.  Higher  temperature  not  only  promotes  the 
migration  of  carrier  ions,  but  also  results  in  the  expansion  of  poly¬ 
mer  [47].  This  expansion  produces  local  empty  space  and  increases 
the  free  volume,  which  promotes  the  motion  of  polymer  segments 
and  carrier  ions.  The  conductivity-temperature  plot  has  a  regres¬ 
sion  value,  R2  >  0.99,  indicating  that  the  ionic  conductivity  follows 
the  Arrhenius  equation,  which  is  shown  in  Eq.  (5). 

<7  =  CT0exp(-2^  (5) 

where  a  is  the  conductivity  of  the  polymer  electrolyte,  cr0  is  a 
pre-exponential  factor,  Ea  is  the  activation  energy,  R  is  the  gas  con¬ 
stant,  and  T  is  the  temperature.  From  the  gradient  of  the  Arrhenius 
plot,  the  activation  energy,  Efl,  for  the  polymer  electrolytes  was 
calculated  (Fig.  5(c)).  The  results  suggest  that  the  polymer  elec¬ 
trolyte  with  the  highest  ionic  conductivity  has  the  lowest  activation 
energy.  Therefore,  the  migration  of  lithium  ions  is  much  easier  with 
more  tunnels  in  the  polymer  membranes  [48]. 

A  Li/E70/LiFePO4  coin-type  cell  was  fabricated  and  subjected  to 
cycle  testing  at  room  temperature.  The  voltage  range  was  2.5-4.2  V 
at  a  current  density  of  8.5  mAg-1  (corresponding  to  a  C/20  rate). 
Sample  E70  was  chosen  as  the  electrolyte,  lithium  metal  as  the 
anode,  and  LiFeP04  as  the  cathode.  The  cell  operates  on  the  two- 
phase  reversible  process: 

Li  +  LiFeP04  2Li  +  FeP04  (6) 

with  a  theoretical  specific  capacity  of  170  mAh  g-1  [49,50].  The 
specific  capacity  versus  cycle  number  of  the  cell  is  presented  in 
Fig.  6(a).  The  charge  capacity  was  higher  than  the  discharge  capac¬ 
ity  in  the  first  cycle.  This  irreversible  capacity  was  considered  to  be 
due  to  the  irreversible  capacity  loss  related  to  the  formation  of  the 
passivation  layer  at  the  lithium  anode  [51,52].  The  charge  and  dis¬ 
charge  capacities  of  the  cell  are  1 50  and  1 29  mAh  g-1 ,  respectively, 
at  the  first  cycle.  After  the  second  cycle,  the  capacity  increases 
to  a  maximum  at  15  cycles,  and  then  the  cell  capacity  remains 
at  about  135  mAh  g-1  up  to  50  cycles.  The  capacity  is  stable,  and 
the  coulombic  efficiency  approaches  100%  over  the  50  cycles.  The 
charge-discharge  profiles  of  the  Li/E70/LiFePO4  cell  at  the  1st,  2nd, 
5th,  10th,  20th,  30th,  40th,  and  50th  cycles  are  shown  in  Fig.  6(b). 
All  charge-discharge  curves  exhibit  a  flat  plateau  at  3.4  and  3.5  V, 
which  is  a  typical  characteristic  of  LiFeP04.  Linear  sweep  polar¬ 
ization  was  performed  to  investigate  the  electrochemical  stability 
window  of  Sample  E70.  For  comparison,  current-voltage  measure¬ 
ments  on  commercial  liquid  electrolyte  composed  of  1  M  LiPF6  in 
EC:DMC  (1:1  by  volume)  were  carried  out.  As  shown  in  Fig.  6(c), 
it  was  found  that  the  polymer  electrolyte  is  stable  up  to  4.7  V, 
which  meets  the  requirement  for  a  practical  lithium-ion  battery. 
This  is  consistent  with  other  reported  gelled  polymer  electrolytes, 
since  the  electrochemical  oxidation  potential  is  mainly  due  to  the 
absorbed  liquid  electrolyte  [3,22,47,48,53  ].  Further  research  is  nec¬ 
essary  to  improve  the  high  rate  performance  of  the  lithium-ion 
batteries.  It  is  well-known  that  the  lithium-polymer  battery  per¬ 
forms  better  at  high  temperature.  Therefore,  ways  to  improve  the 
capacity  may  consist  in  operating  at  high  temperature.  Another 
strategy  to  achieve  high  capacity  in  the  lithium-polymer  battery  is 
by  soaking  the  porous  membrane  in  highly  conductive  electrolyte 
solution. 

4.  Conclusions 

In  summary,  PVDF/PMMA  blend  membranes  have  been  suc¬ 
cessfully  prepared  via  the  phase  separation  method,  followed 
by  immersion  in  commercial  liquid  electrolyte  to  activate  the 
membrane.  The  conformation  of  the  PVDF/PMMA  membranes 
was  verified  through  attenuated  total  reflectance-Fourier  trans¬ 
formation  infrared  spectroscopy  (ATR-FTIR).  The  degree  of 


crystallinity  of  a  polymer  blend  membrane  decreases  as  the  PMMA 
concentration  increases.  The  addition  of  PMMA  to  the  PVDF  mem¬ 
brane  not  only  increases  the  porosity,  but  also  increases  the  liquid 
electrolyte  uptake.  SEM  observations  showed  that  Sample  M70  has 
a  large  pore  size  (~1  p,m)  when  compared  with  the  pure  PVDF  and 
the  pure  PMMA  membranes.  The  ionic  conductivity  at  room  tem¬ 
perature  of  Sample  E70  was  1 .21  x  1 0-3  S  cm-1 ,  and  this  sample  has 
the  lowest  activation  energy  of  16.68  kj  mol-1 .  The  Li/E70/LiFePO4 
cell  showed  stable  electrochemical  performance  up  to  50  cycles  and 
an  electrochemical  stability  window  that  extended  up  to  4.7  V.  This 
research  suggests  that  PVDF/PMMA  polymer  electrolyte  could  be 
suitable  for  use  as  electrolyte  for  lithium-ion  rechargeable  batter¬ 
ies. 
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